The development of inhalation toxicology as a distinct discipline can be traced back well over one hundred years. The technology has advanced in terms of materials and designs used to construct inhalation chambers and the equipment used to generate controlled test atmospheres ofa wide variety of gases, vapors, dusts, and droplets. Consideration of metered dose inhalers, a relatively recent concern, has led to the design of new equipment for administering this unique dosage form. The parameters used to evaluate inhalation toxicity are similar to those used for any other route of administration. In addition, there are some unique procedures for early screening of pulmonary toxicity, especially within a series of related chemicals.
Introduction
The development of inhalation toxicology as a distinct discipline can be traced back well over a century. Fraser et al. (1) provided a brief review of this early period and a description of inhalation technology up to 1959. Inhalation toxicology technology has experienced continuous development in the types of materials and designs used in constructing inhalation chambers. Excellent reviews of inhalation technology have been provided by Campbell (2) , Phalen (3) , Drew (4) , and MacFarland (5) .
The following article will present an overview of aspects of current technology applied to inhalation toxicology studies, without attempting to review the entire spectrum of these studies. Some emphasis will be placed on studies with metered dose inhaler (MDI) aerosols, either for intranasal or pulmonary administration, as these represent an area of interest in drug delivery system development. Study design and inhalation toxicity assessment will be briefly considered.
Inhalation Toxicology Technology
Five basic types of inhalation toxicology studies have been described: whole body, head only, nose only, lung only, and partial lung (6) . Each exposure type has its own unique set of advantages and disadvantages.
The advantages of whole-body inhalation systems include the ability to expose large numbers of animals sinultaneously, accommodate a wide variety of species, employ minimal restraint, and suitability for chronic inhalation exposures. The major disadvantages include the large quantity of test material required for conduct of studies, multiple routes of exposure, distribution of concentration and particle size within the chamber exposure zone, control of chamber environment, and cost.
Head only and nose only inhalation exposure systems are similar enough to share advantages and disadvantages. The advantages include relative efficiency in usage of test material, reduction or elimination of multiple exposure routes, and containment of highly toxic materials. The major disadvantages are the labor intensive nature of head/nose only exposure systems, adequate exposure seals about the face or neck of animal models, and stress related to the restraint necessary for head/nose-only exposure studies.
Stress has, until recently, been a major limiting factor in determining the duration of head/nose only exposure studies (4) . The need to restrain animals in tubes has been assumed to produce an undesirable level of stress when prolonged exposure is required. Smith et al. (7) have reported that long-term nose only exposures, up to 7 hr per day, were possible with little or no stress. Parameters such as body weight, rectal temperature, clinical pathology, and plasma corticosterone levels were used to indicate the lack of measurable stress in rats and hamsters for prolonged exposure periods. Laper and Burgess (8), however, have reported an increase in the acute inhalation toxicity related to restraint-induced stress.
Lung only and partial lung exposure techniques are also similar enough to share advantages and disadvantages. The major advantages are limited routes of exposure, direct knowledge of the actual quantity of test material delivered to the lung, and uniform delivery of multiple doses. Using other modes of inhalation exposure, i.e., whole body, the dose received during an inhalation exposure is a complex relationship between physiologic (rate, depth, and volume), and physical (particle size, collection efficiency, and retention) parameters. Disadvantages of the limited lung exposure techniques include the need for anesthesia and physiologic support, bypassing the nose, technical difficulty, limited number of animals that can be studied at any one time, and distribution of dose within the lung. Instillation of solutions or suspensions results in heavy, centralized deposits of material. Inhalation results in a lighter, even and widely distributed dose (9) . While lung only or partial lung dosing procedures do not lend themselves to large scale screening/testing programs, they do have application in studies of absorption, metabolism, distribution, and excretion.
The design and construction of inhalation chambers have been extensively reviewed (3) (4) (5) 10, 11 The concentration profile in a dynamic inhalation system rises rapidly, then asymptotically approaches a theoretical equilibrium value (Fig. 3) . This phenomenon was reported by Silver (12), who also described the time necessary to reach a desired percent of the theoretical equilibrium concentration: chamber volume = 4.605 chamber airflow t = time to 99% of theoretical equilibrium concentration.
Referring to Figure 3 , the exposure duration for a dynamic system is generally considered to be the interval between starting (ta) and stopping (tb) the generation system. The animals, however, remain in the exposure system for a time equivalent to the initial tw (tc -tb). The suggestion by the National Ibxicology Program (NTP) that exposure duration should be defined as the interval tc-ta has not met with universal acceptance (4). The performance of inhalation exposure systems -i.e., leakage, material loss, and uniformity of concentration -has been addressed (13, 14) and wrln not be reviewed here. A requirement for currently performed inhalation studies is the ability to provide a consistently clean air supply, sourced from ambient air, to chambers housing control and treated groups. Environmental control, therefore, is an important aspect of inhalation exposure system design.
Unusual environmental conditions may place an additional, and unwanted stress on test animals. The ability to produce, control, and monitor the required environment should be a basic consideration in conducting inhalation studies. Environmental fact ors such as temperature, relative humidity, atmospheric pressure, air flow, air quality, noise, and vibration could affect the evaluation of toxicity (Table 1) . Physical activity, respiratory patterns, and respiratory tract mucus may be affected by temperature and humidity. Not only is it important to have a well-controlled environment for a particular inhalation chamber, but all chambers used in a study should be controlled within the same limits. Variations in the inhalation chamber environment may affect experimental animals and exposure atmospheres (15, 16) .
One environmental parameter that has received particular attention is temperature. Tbmperature could have an important effect on survival of test animals. In a dynamic inhalation system, heat produced by test animals is transferred to chamber walls and then to exposure rooms by radiation, particularly in the case of steel walls. Heat from animals is transferred to the chamber air by convection (16) . The system was designed to provide very clean air. It also controls, monitors, and reports the chamber's temperature, dew point, air flow and differential pressure, and room temperature. Recognizing that steel chamber walls provide little thermal insulation, the effect on chamber temperature related to the differential between chamber and room temperature was integrated into the control design. The system was designed to provide an initial room temperature 2°C below the chamber temperature set point. The system then adjusts room temperature so that chamber inlet duct heaters operate at 20 to 80% of capacity. Each parameter is controlled within userdefined limits and is accessible through a personal computer. Figure 6A ). To address this, a multilevel flow-past chamber design ( Figure 6B ) was reported by Cannon et al. (18) . The system apparently addresses the problems of large material requirements, surface losses, and aerosol depletion by test animals as one moves from the top tier to the bottom tier. In contrast to the conventional nose only exposure systems, each animal is supplied with fresh aerosol (Figure 6A and B) .
As with whole body exposure systems, temperature is a critical parameter in nose only designs. Typically, each animal is restrained in glass, plastic, or steel restraining tubes ( Figure 6 ). Since rats and mice regulate body temperature through their tails, a simple approach would be to allow their tails to protrude from the restraint tubes into a cooler ambient environment. Rats have been monitored for up to 8 hr in tail-out restraint tubes with no change in body temperature. An additional advantage of restraining tubes is the ability to monitor respiratory parameters during aerosol exposure (19) .
Nose only or nose/mouth exposure systems are also applicable to studies with large animals. A typical system is designed around face masks (Figure 7 ). Poynter and Spurling (20) described a system for administration of metered dose inhalation (MDI) aerosols to test animals.
Their system was modified to incorporate a flexible oropharyngeal tube and opposing one-way valves to limit rebreathing from the aerosol chamber (Figure 8 ). Inspiration and expiration are monitored, and MDI aerosols are shaken and delivered according to a predetermined sequence of breaths, only during inspiration.
The complete variety of aerosol generation techniques is beyond the scope of this overview.
Study Design
The design of inhalation toxicology studies should consider the need to evaluate both local and systemic effects of the test material and the formulation components. Subchronic inhalation studies (Thble 5) are conducted over a 30-to 180-day period. Exposure durations are usually 1 to 6 hr per day, 5 to 7 days per week. A control group and three to five exposure groups are usually used. Interim clinical evaluations, i.e., hematology, clinical chemistry, and urinalysis may be included. The exposure period is followed by a complete necropsy and histopathology. The primary purpose is to justify exposure concentrations for chronic studies. The data from all studies up to this point would be suitable for inclusion in investigational new drug applications or for setting preliminary worker exposure guidelines.
Chronic/oncogenic studies (Thble 6) are conducted over the lifetime of the test species, usually rats and mice. The exposure duration may be up to 23 hr per day, 5 to 7 days per week, for 52 to 104 weeks. A complete necropsy and histopathology is performed after the last exposure. The purpose is to determine the toxicity due to extended repeat exposures, a no-observable effect level, and on- The intranasal route also provides an alternate to intramuscular administration. The exposure technology differs somewhat from conventional inhalation studies, but the study designs are similar. For all inhalation studies, gross examination of the nasal cavity at necropsy limits the usefulness of histopathologic examination. It is not recommended for studies specifically designed to determine effects on nasal mucosa (22) .
Assessment of Toxicity
The assessment of toxicity in inhalation studies is similar to that used for toxicology studies conducted by any other route of administration. A range of doses/ concentrations is studied; dose/concentration-related effects are evaluated, usually for both sexes, in one or more species.
Common protocols include the assessment of: body weight, food consumption, clinical signs of toxicity, clinical pathology (hematology, clinical chemistry, urinalysis), ophthalmology, gross necropsy (except nasal cavity), and histopathology. The purpose is to deternine the inherent toxicity of specific agents. In doing so, one must make a distinction between toxicity and hazard (21) . While many procedures are applicable to the assessment of inhalation toxicity, three that have been found useful in screening potential intranasal and pulmonary drugs will be briefly reviewed here.
Hussein et al. (23) described a method for studying nasal absorption and irritation in rats. Briefly, anesthetized rats are surgically prepared to allow retrograde perfusion of the nasal cavity while they are breathing through a tracheal cannula. This procedure was used to evaluate the bioavailability and nasal irritation of clofilium tosylate (24) . Nasal administration of this drug appeared to be superior to oral administration, in terms of bioavailability. Dose-related nasal epithelial cell necrosis and sloughing were also reported. Even though surgical preparation was required, this procedure has proven useful in the screening of active ingredients, formulation acids, and complete formulations intended for intranasal administration.
Bronchoalveolar lavage from animals acutely exposed to various test materials, either by inhalation or instilla-¶Nble 7. Nasal cavity lavage (Swiss mice). tion, has been applied as a rapid screen for lung injury (25, 26) . The various lavage parameters that could be evaluated and their significance have been reviewed (27) . In particular, total lactate dehydrogenase and its isoenzyme pattern can be used to detect respiratory tract toxicity. Beck et al. (28) suggested that lactate dehydrogenase levels in lung lavage fluid may not be appropriate for evaluating upper airway effects.
We have found that lavage of the upper respiratory tract, similar to the procedure described by Hussein et al. (23) , did provide a measure of upper respiratory tract effects for sodium lauryl sulfate and Triton X-100. Span 85 and sodium chromoglycate did not produce a detectable response (Thble 7). The usefulness of lavage fluid analysis is greatest as a comparative measurement of structurally and toxicologically related materials and somewhat less useful when comparing agents that act through different mechanisms (28) . Alarie (29) 
